Oriented cell divisions are controlled by a conserved molecular cascade involving Gai, LGN, and NuMA. We developed a new cellular model of oriented cell divisions combining micropatterning and localized recruitment of Gai and performed an RNAi screen for regulators acting downstream of Gai. Remarkably, this screen revealed a unique subset of dynein regulators as being essential for spindle orientation, shedding light on a core regulatory aspect of oriented divisions. We further analyze the involvement of one novel regulator, the actincapping protein CAPZB. Mechanistically, we show that CAPZB controls spindle orientation independently of its classical role in the actin cytoskeleton by regulating the assembly, stability, and motor activity of the dynein/dynactin complex at the cell cortex, as well as the dynamics of mitotic microtubules. Finally, we show that CAPZB controls planar divisions in vivo in the developing neuroepithelium. This demonstrates the power of this in cellulo model of oriented cell divisions to uncover new genes required in spindle orientation in vertebrates.
INTRODUCTION
Oriented cell divisions (OCDs) are essential for the development, growth, and homeostasis of many tissues. Divisions within the plane of epithelial structures (planar divisions) contribute to epithelial monolayer organization and to the expansion of the tissue surface, thereby playing a role in tissue integrity. Conversely, divisions perpendicular to the epithelial plane (vertical divisions) have been shown to contribute to tissue stratification, binary fate decisions, and regulation of stem cell pools (reviewed in [1, 2] ). Importantly, defective spindle orientation may be a step in the transformation process leading to cancer [3] .
In many models of OCD, spindle orientation relies on the specific subcortical localization of a core molecular complex composed of the Ga i subunits of heterotrimeric inhibitory G proteins, of LGN (GPSM2, Pins in Drosophila), and of NuMA (Nuclear and Mitotic Apparatus). This ' ' LGN complex'' recruits the cytoplasmic dynein motor in restricted cortical areas to concentrate forces exerted on astral microtubules (MTs) to position and orient the mitotic spindle along a specific axis [1, 2] . However, how dynein works and is regulated by its multiple interactors has been little explored in this cellular process. Although the LGN pathway is evolutionarily conserved, important differences in downstream players have been described, and fine-tuning of the parameters diverges between models (reviewed in [2] ).
The main goal of our study was to screen for new vertebrate regulators of spindle orientation that act downstream of Gai-LGN. Despite the central role of LGN in many models of OCD in vivo, commonly used in vitro systems only weakly rely on LGN for spindle orientation: in cultured adherent mammalian cells, loss of function of LGN or its regulatory partners only results in modest spindle orientation defects relative to the substrate (X-Z). Similarly, in cells cultured on patterned microadhesive substrates, the pattern-induced orientation in the X-Y plane is only weakly dependent on the LGN pathway (our own observations and [4] [5] [6] [7] [8] [9] ). Indeed, a number of pathways act in parallel to LGN to control spindle orientation in these models ( [8, 10, 11] ; reviewed in [2] ), and compensatory phenomena may prevent the identification of important players in loss-offunction approaches.
We thus designed an original in vitro model of OCD specifically regulated by the Gai-LGN pathway. Here, we describe the results of an RNAi screen performed in this model, as well as the further analysis in cells and in vivo of a new regulator identified in this screen, the actin-capping protein CAPZB.
RESULTS

Development of a Spindle Orientation Model that Depends on the Gai-LGN Pathway in Human Cells
In order to screen for new regulators of spindle orientation that function downstream of the Gai-LGN pathway, we designed an original in cellulo system of OCDs in human cells with the following constraints: (1) in control conditions, spindle orientation is under the control of the LGN pathway; (2) defects in the pathway result in unambiguous orientation phenotypes that can be easily detected in the X-Y plane; (3) the system is highly reproducible and amenable to large-scale imaging.
Gai subunits are the most upstream component of the LGN pathway. Their anchoring to the cell membrane by myristylation is required for the membrane recruitment of LGN and all downstream pathway components [2] . We thought of artificially inducing a polarized distribution of Gai1 (hereafter Gai) to drive spindle orientation through the application of pulling forces to one spindle pole. To control spindle orientation within the X-Y plane, we recruited Gai at the interface between two adjacent cells by hooking Gai to the intracellular portion of a homophilic adhesion molecule ( Figure 1A) . A construct comprising the extracellular and transmembrane domains of Drosophila Echinoid (Ed), fused to an intracellular GFP reporter sequence (Ed-GFP), has previously been used in Drosophila S2 cells in a spindle orientation assay taking advantage of its enrichment at cell-cell contacts [12] . Ed-GFP was also enriched at cell-cell contacts in interphase and mitotic HeLa cells ( Figure S1B and Figure 1B) , and we decided to use Ed to enrich Gai1 between pairs of isolated cells.
We designed a ''paired-cell assay'' that measures spindle orientation in the first cell that divides in a pair of cells. Because microprinted adhesive surfaces can control the size, shape, and contacts of adherent cells [13] [14] [15] , we used 30 mm circular patterns to increase reproducibility in the paired-cell assay (Figure 1A ; see Figures S1C and S1D for the choice of patterns). In live experiments in control cells (expressing H2BCherry or Ed-GFP + H2BCherry), the first cell that divides preferentially orients its spindle parallel to the contact with its neighbor, presumably influenced by the elongated shape of the half pattern it occupies (Figures 1B and 1C ; Figure S1E ; median orientation = 82
). This represents the default situation in this setup. In contrast, cells expressing either Ed-GFP-Gai or Ed-GFP-LGN (thereafter Ed-Gai and Ed-LGN, respectively) efficiently and reproducibly reoriented their spindle perpendicularly to the cell-cell contact (Figures 1B and 1C ; Figure S1F ; median orientation = 14 and 23 , respectively). In Ed-Gai cells, both LGN (endogenous LGN and GFP-LGN) and NuMA colocalized with Gai at the cell-cell contact ( Figure 1D and Figure S1H ), though it should be noted that Figure 1D depicts LGN staining on Ed-Gai cell pairs grown on uniform fibronectin rather than circular micropatterns. Knockdown of LGN or NuMA, or treatment with low doses of Nocodazole that primarily disrupt astral microtubules, disrupted the Ed-Gai-dependent orientation (Figure 1E ; Figure S1J ). Interestingly, the distribution of angles was bi-modal with an hourglass shape, indicating that a significant portion of cells reverted to the default orientation while a subpopulation remained under the influence of Ed-Gai, possibly due to cell-to-cell variability in RNAi efficiency and astral MTs reduction. In contrast, treatment with latrunculin A, which disrupts actin polymerization and affects OCD in specific contexts [2] , had no effect on Ed-Gai-induced spindle orientation (Figure S1G ; Figure 1E ). Of note, although LGN was present at the cortex over spindle poles in pairs of wild-type or Ed-GFP cells ( Figure 1D ; Figure S1H ), LGN knockdown or Nocodazole treatment had no effect on spindle orientation in these cells ( Figure S1I ).
Ed-Gai constitutes a model of OCD that conforms to our three constraints: orientation is specifically controlled by the LGN complex, orientation defects are strong in the X-Y plane, and the system can be scaled up for screening.
An RNAi Screen Identifies Essential and Dispensable Dynein/Dynactin Complex Members Downstream of the Gai-LGN Complex
The control of the dynein motor complex at the cortex during spindle orientation is poorly understood because few dynein regulators have been studied functionally [6, [16] [17] [18] [19] [20] . Similarly, only a few molecules that regulate MT dynamics have been tested in OCD [2] . We performed an RNAi screen that included all dynein complex subunits, dynein regulators, the dynactin complex, numerous microtubule-associated proteins (MAPs) and centrosomal proteins, all kinesin motors, and additional candidates based on described biochemical interactions with components of the LGN pathway. All experiments described in this section use Ed-Gai cells, and the orientation imposed by Ed-Gai is the control condition. LGN small interfering RNA (siRNA) constitutes the positive phenotypic control. The screening workflow is presented in Figure 2A , and the method for measurement of spindle orientations in Figure S2 . We used a commercial human RNAi library (Data S4) and validated the downregulation of key targets by qRT-PCR and western blots ( Figure S3 ).
Within the core dynein complex ( Figure 2B ), the motor subunit DHC1 (Dynein Heavy Chain 1, DYNC1H1) yielded a significant defect in orientation, in agreement with other models [4, 6, [21] [22] [23] . DHC2, the second ''cytoplasmic dynein'' heavy chain, did not yield any significant defect, consistent with its restricted function in cilia [24] . Knockdown of dynein intermediate chain 2 (DYNC1I2, DIC), the only intermediate chain expressed in HeLa cells [25] , also resulted in defective orientation ( Figure 2B ). In contrast, none of the light chains or light intermediate chains were required for dynein function in our assay ( Figure 2B ) (see Discussion).
Dynein displays weak motor activity on its own in vitro. In cells, its subcellular localization, interactions with cargos, and full motor activity require its association with regulatory partners [26] . In particular, dynactin enhances dynein motor workload and processivity in vitro [27, 28] . High-resolution structures of dynactin alone and in association with dynein have been described [29, 30] ; although they provide insight into how dynactin may regulate dynein activity, the function of individual subunits is incompletely understood. Dynactin is a multiprotein complex consisting of an Arp1 (actin-related protein 1) filament with pointed and barbed ends and a ''shoulder and arm'' domain ( Figure 2C ). Knockdown of all three subunits of the shoulder and arm of dynactin (p150, p50, and p22) resulted in orientation defects as severe as LGN knockdown. Removal of Arp1A, but not Arp1B, also resulted in defective orientation. At the pointed end, p62 knockdown induced strong defects, whereas Arp11, p25, and p27 RNAi did not ( Figure 2C ). At the barbed end, removal of CAPZB induced strong orientation defects. CAPZA1 or CAPZA2 knockdown alone had no effect, but their simultaneous deletion led to defective orientation, suggesting redundancy between both isoforms ( Figure S4 ).
Several other classes of adaptors are associated with dynein functions. LIS1 (Lissencephaly1), NDE1 (Nude1), and NDEL1 (Nude-Like1) interact directly together and with the dynein motor domain. Both LIS1 and NDE1 are necessary to control spindle orientation in vivo and in vitro [17, 18, 31] , whereas it remained unknown for NDEL1. LIS1 RNAi resulted in strong misorientation in the Ed-Gai assay; NDE1, NDEL1, and double NDE1-NDEL1 knockdown gave a weaker but significant phenotype. In contrast, knockdown of the adaptors BICD2, Spindly (SPDL1), and ZW10 did not produce any phenotype ( Figure 2D) . Surprisingly, within the complementary set of molecules (including kinesins, MAPs, and centrosomal proteins), very few had a significant phenotype in our assay ( Figure S5 ). Those that did (KIF18A, KIF23, MAP4, and EB3) only showed a modest effect compared to the dynein and dynactin pathway members described above (see Discussion).
The Actin-Capping Protein Zb as a Regulator of Spindle Orientation CAPZB, which showed a strong phenotype in the assay (Movie S1), appeared as an intriguing candidate: historically, CAPZB (Actin-Capping Protein Zb) function is associated with actin regulation [32] , but biochemical and structural studies indicate that it is also associated with the dynactin complex [29, 33] . However, functional studies have failed to identify any role for CAPZB in dynactin-associated cellular activities [25] , raising the question of its requirement in the complex.
The strong orientation defect in Ed-Gai cells was rescued by expression of a siRNA-resistant version of CAPZB, confirming the specificity of the phenotype, whereas overexpression of CAPZB alone had no effect ( Figure 3A) . We further analyzed gle gle e g g e e g g e e l **** **** * ** ** range. In contrast, regardless of their initial orientation, most CAPZB-depleted cells showed little deviation during metaphase ( Figure S6A ). Accordingly, CAPZB depletion reduced spindle rotation speed compared to controls ( Figure S6B ), indicating that CAPZB depletion leads to decreased Ed-Gai-controlled spindle orientation forces. In single mitotic HeLa cells, CAPZB was enriched both on the spindle and at the cortex over a cytoplasmic distribution; its cortical enrichment was stronger over spindle poles ( Figures  3B and 3C ) and increased during anaphase and telophase ( Figures 3D and 3E ), similar to other dynein and dynactin complex members (DHC-GFP, Arp1A-GFP [6] ). This suggests that CAPZB is part of the dynactin complex at the cortex, where it may regulate its function. Accordingly, both CAPZB and p150 localized to the Ed-GFP-Gai enrichment ( Figure 3G ).
Finally, CAPZB depletion induced a shift in angle distribution of the spindle with respect to the substrate ( Figure 3F ), similar to the defects reported upon LGN or NuMA knockdown [4] , confirming the result from the screen.
CAPZB Controls Spindle Orientation in an ActinIndependent Manner CAPZB forms the capping protein (CP) heterodimer with the unrelated protein CAPZA. CP binds with high affinity to the barbed ends of actin filaments [32] , preventing the addition of new actin monomers and terminating actin elongation [34] . CP capping activity is involved in the local control of actin dynamics [35] regulating various cellular processes, including lamellipodia and filopodia formation [36, 37] , autophagosome formation [38] , and organization of actin filaments in striated muscle fibers [39] . CAPZB is involved in asymmetric actin-dependent spindle positioning in mouse oocytes [40] , suggesting that spindle misorientation in CAPZB-depleted Ed-Gai cells may depend on its role in actin regulation. CAPZB depletion increased the density of cortical and cytoplasmic actin in mitotic cells ( Figures  4A-4C ). To test whether this increase in actin density may perturb spindle orientation by affecting cortical stiffness, we treated CAPZB RNAi cells with low doses (0.4 mM) of latrunculin A that reverted F-actin to control levels ( Figures 4D and 4E ). We found that this did not rescue the CAPZB RNAi phenotype in the Ed-Gai assay ( Figure 4F ).
We next addressed whether perturbations of the actin network that mimic CAPZB loss of function would induce a spindle orientation defect in Ed-Gai cells. The CP heterodimer favors nucleation of a branched actin network by the Arp2/3 complex [36, 41] , and both Arp2/3 complex inhibition and CP knockdown result in increased actin network density near the cell cortex in interphase [42] . Accordingly, siRNA depletion of the Arp3b subunit of the Arp2/3 complex increased cortical actin network density in mitotic cells ( Figures 4G and 4H ). However, Arp3b downregulation had no effect on spindle orientation in the Ed-Gai assay ( Figure 4I ). Similarly, treatment of Ed-Gai cells with Jasplakinolide mimicked the effect of CAPZB RNAi on actin levels but had no effect on spindle orientation ( Figures S6C-S6E ). Altogether, these data strongly suggest that CAPZB controls spindle orientation independently of its role in the actin cytoskeleton. 
CAPZB Controls Cortical Dynein Activity through the Localization of Dynactin Complex Members
CAPZB is also a structural component of the dynactin complex [29, 33] and could regulate spindle orientation through modulation of this complex. Indeed, double depletion of CAPZB and p150 did not enhance the spindle orientation phenotype compared to single depletions (Figure S7A ), suggesting that they act in the same pathway and reinforcing the idea that CAPZB acts independently from actin to regulate spindle orientation. We investigated the distribution of p150 and Arp1A, the major components of the projecting arm and filament of dynactin, respectively. In mitotic cells, total and cortical levels of p150 and Arp1A-GFP [6] were decreased upon CAPZB knockdown compared to control cells (Figures 5A and 5B ; Figure S7B ). This suggests that CAPZB is important for dynactin stability, in agreement with predictions derived from structural analyses [29, 30] .
Cortical levels of DIC and DHC1 (in a DHC1-GFP cell line) were normal in mitotic cells depleted for CAPZB ( Figures 5C and 5D) , contrasting with the strong reduction in cortical DIC observed upon knockdown of p150 or Arp1A ( Figures S7C and S7D) . Hence, contrary to Arp1A and p150, CAPZB is not essential for dynein recruitment or stabilization at the cell cortex. However, the orientation defects observed upon CAPZB depletion suggest that it is necessary for dynein motor activity.
To test this idea, we evaluated the effects of CAPZB depletion on spindle movements relative to cortical DHC. A previous study reported stereotypical displacements of the spindle along its axis during metaphase in DHC1-GFP cells. A monopolar cortical DHC1-GFP enrichment oscillates and precedes the movement of the spindle, such that one pole is attracted to the DHC1-GFP enrichment [6] . We confirmed the oscillatory behavior of DHC1 and of the spindle throughout metaphase in control DHC1-GFP cells (Figures 5D and 5E ; Movie S2). Upon CAPZB depletion, some cells harbored a single DHC1-GFP crescent that remained stable at the cortex. Remarkably, in these cells, spindle movements toward the DHC1-GFP crescent were lost (Figures 5D and 5E; Movie S2). This is fully consistent with the hypothesis that the motor activity of dynein is regulated by CAPZB at the cell cortex ( Figure S7E ).
CAPZB Controls the Dynamics of Mitotic Microtubules
The number of astral microtubules and their stability near the cell cortex also contribute to spindle orientation [2] . CAPZB regulates the microtubule network in axon growth cones and coimmunoprecipitates with the neuron-specific isoform bIII-tubulin in brain lysates. CAPZB also interacts with b-tubulin and decreases MT polymerization in in vitro assays [43] . In addition, we observed CAPZB on the mitotic spindle ( Figures 3D and 3F) .
We therefore investigated microtubule stability and dynamics upon CAPZB depletion in mitotic cells. Antibody staining for a-tubulin showed a significant reduction in spindle density, although spindle size and morphology were not grossly affected. The reduction was visible both in the central spindle and for astral microtubules ( Figures 6A and 6B ). This was confirmed in a stable cell line expressing GFP-tubulin (not shown).
A reduced microtubule network may cause spindle positioning defects through defective metaphase plate formation and chromosome misalignment [20] . The frequency of metaphase cells displaying a lagging chromosome increased from 4% to 13.2% in CAPZB siRNA-treated cells ( Figure S6J ). Although this may delay the spindle assembly checkpoint and contribute to the slight increase in metaphase duration observed in these cells ( Figure S6K , right), this modest phenotype is unlikely to cause the strong spindle orientation defect observed in the majority of cells upon CAPZB RNAi in the Ed-Gai assay.
We then analyzed microtubule dynamics in metaphase using the EB3-GFP reporter of microtubule plus-end tips (see STAR Methods; Figure 6C ). CAPZB depletion increased MT growth and shrinkage speeds while growth lifetime was decreased (Figure 6D) , revealing an increase in dynamics that results in lessstable microtubules. Hence, although we still observed astral microtubules reaching the cortex, differential dynamics may affect force generation.
Cells depleted for p150 or Arp1A also displayed a decrease in growth lifetime, but growth speed was identical to control cells, and shrinkage speed was reduced in p150 RNAi, showing a trend opposite to CAPZB depletion ( Figure 6D ). Thus, defects in microtubule stability observed upon CAPZB depletion are at least partly independent of its function in the dynactin complex.
CAPZB Controls Planar Spindle Orientation in the Chick Neuroepithelium
We next addressed whether CAPZB controls OCD in vivo. We previously showed that planar spindle orientation in the chick spinal cord neuroepithelium depends on the LGN pathway [5, 44, 45] . CAPZB was enriched at the lateral cortex of mitotic neuroepithelial cells at embryonic days 3 and 4 (E3-E4) (Figure 7A) , similar to the distribution of LGN and NuMA ( [45] and Figure 7G ).
We used the CRISPR/Cas9 gene editing method to introduce small genomic insertion and/or deletions in the CAPZB coding sequence. By using in ovo electroporation in the neuroepithelium, we directly introduced the purified Cas9 nuclease complexed with gRNA sequences targeting coding exon 3 of CAPZB, together with a Histone2B-GFP reporter plasmid ( Figure 7B ; see STAR Methods).
CRISPR/Cas9 targeting eliminated CAPZB staining in electroporated cells ( Figures 7C and 7D ) and resulted in a strong deviation (average angle = 27
) from the planar orientation observed in controls (average angle = 12
; Figure 7E ). Importantly, apicobasal polarity of neuroepithelial cells was unaltered, indicating that spindle orientation defects are not an indirect consequence of a morphological alteration of the tissue ( Figure 7F ). LGN distribution was normal in CRISPR-CAPZB cells ( Figure 7G ), consistent with the idea that CAPZB acts downstream of the LGN pathway. Overall, these data show that CAPZB is an essential regulator of planar spindle orientation in the neuroepithelium in vivo.
DISCUSSION
Despite increasing evidence that the cytoplasmic dynein motor relies on different regulators to exert its wide palette of cellular functions, there is no comprehensive analysis of the involvement of the several dozen putative regulatory partners of dynein in spindle orientation. Our screen identifies new essential players (DIC2, p22, p62, Arp1A, CAPZB, CAPZA, and NDEL1), but we also find that many tested genes are dispensable for spindle orientation downstream of Gai-LGN. Our study confirms the importance of dynactin in regulating dynein-dependent forces for spindle orientation and shows for the first time a functional involvement of the Arp filament. Arp1A and Arp1B are highly related and could potentially be interchangeable, but Arp1A is expressed at much higher levels [46] , possibly explaining why Arp1A, but not Arp1B, RNAi produced a phenotype in our screen. At the barbed end, both CAPZA and B subunits are required. Remarkably, the pointed-end subunits p25, p27, and Arp11 are dispensable, whereas only p62 is required, contrasting with structural studies that suggest that Arp11 is the only capping unit in the pointed end, where it lies between p62 and the filament [29] . This raises the question of how these subunits function to regulate the pointed-end structure.
Importantly, within the dynein complex, only the motor subunit (DHC1) and the intermediate chain (DIC2) were required, whereas none of the light intermediate and light chains were necessary individually. Because there are at least two independent isoforms for each of them ( Figure 2B ), we performed double-knockdown experiments for DLIC1/2, Roadblock1/2, Tctex1/3, and LC8(1/2) but did not observe any defect in the Ed-Gai assay, suggesting that light intermediate and light chains are dispensable downstream of Gai-LGN ( Figure S4C) . Intriguingly, the single C. elegans Roadblock gene controls asymmetric spindle positioning in the zygote [16] . Whether this represents a species-specific difference or is a characteristic of our in vitro assay remains unclear. In addition, although we observed a strong downregulation in both qRT-PCR and western blots for all the analyzed targets ( Figure S3 ), we cannot completely rule out residual activities due to incomplete knockdown.
Of the adapters Spindly, ZW10, and BICD2, none yielded any orientation phenotype. Spindly and ZW10 are mostly associated with the recruitment of dynein at kinetochores, and our data support this specificity. The cargo adaptor BICD2 is located at the interface between dynein and dynactin in purified complexes [29] and increases forces delivered by dynein/dynactin in in vitro experiments [47] . We find that cortical force generation, at least downstream of Gai-LGN, functions independently from BICD2. Because adapters are obligate partners of dynein/dynactin force generators for cargo transport [28] , it will be interesting to identify whether another adaptor is required to enhance cortical forces.
Using the Ed-Gai strategy, we tested numerous additional candidates, including molecules with a known involvement in spindle orientation in other assays ( Figure S5) . Remarkably, only a handful produced a phenotype, and the defects were weak in comparison to LGN/dynein/dynactin members, suggesting that this list does not contain strong regulators of spindle orientation. Our screen is based on the opposition of two orthogonal orientation pathways: an LGN/microtubule-independent, adhesion-induced orientation, and an artificially induced Gaidependent orientation (Figure 1; Figure S1 ). For circular patterns, adhesion on the half-pattern occupied by each cell is expected to induce very robust spindle orientation [13] . Thus, very high Ed-Gai-dependent forces are necessary to induce the orthogonal orientation. This parameter may prevent the detection of regulators with a subtle role in force modulation and favor the identification of essential regulators. Indeed, the strong phenotype that we observed in vivo upon disruption of CAPZB is in agreement with this interpretation. We show that the Ed system developed in flies can also be used in vertebrate cells. By combining the Ed system with micropatterns, we were able to standardize culture, image acquisition, and analysis to conduct a systematic screen. Screening during this project involved a visual pre-screen to identify thousands of mitotic events in cell pairs in live datasets (see STAR Methods). We recently developed a pipeline for fully automated detection and analysis of relevant division events, which could allow the application of our method at high throughput [48] . In addition, this approach could be used to test the ability of proteins or protein domains to control spindle forces by tethering them directly to the Ed intracellular domain. One of the strongest hits identified in the screen is CAPZB. Although CAPZB is part of the dynactin complex [29, 33, 49] , it did not have any identified function associated with dynein and dynactin activity. We uncover a unique and novel function of CAPZB as a regulator of a dynein-controlled process. In vitro, dynactin increases the processivity and load force of dynein [27, 28] . It is unclear how this is implemented in the multiple cellular functions of dynein in vivo. Most dynein activities that require dynactin have been investigated through removal of p150, usually resulting in mislocalized dynein, where it is difficult to evaluate whether dynein processing activity is actually compromised in cells. In contrast, removal of CAPZB did not significantly perturb DIC and DHC localization at the cortex, but spindle movements were lost, pointing to a role of CAPZB in the regulation of force generation. Arp1 and p150 were also significantly diminished, but they were still present at the cortex ( Figure 5 ), suggesting that a less-stable CAPZB-free dynactin complex may still form and account for the recruitment of dynein. Under such conditions, CAPZB-free dynactin may be unable to activate the motor at the cortex, explaining the loss of spindle movements. Alternatively, CAPZB-free dynactin may still be functional, but reduced dynactin levels would activate a suboptimal number of dynein motors, which would be insufficient to induce spindle movements. Single-molecule load force experiments in vitro using dynactin complexes devoid of CAPZB may solve this question.
CAPZB plays multiple roles in the cell during mitosis as it regulates dynein/dynactin cortical activity, the actin cytoskeleton, and microtubule dynamics. In particular, its capping activity simultaneously regulates cortical actin levels and dynactin complex stability. Of note, regulation of the actin cytoskeleton by CAPZB is independent from its effect on dynactin, because depleting p150 does not affect cortical actin levels ( Figure S6I) . Remarkably, overexpression of the CP-binding region (CBR) of CARMIL1, an interactor shown to impair the actin-capping activity of CP [50] , results in both an increase in cortical actin levels and a decrease in cortical p150 levels in mitosis, together with a phenotype in Ed-Gai spindle orientation ( Figures S6F-S6H ). This mirrors the effects of depleting CAPZB, confirming that regulating the capping activity of CP is important for both the control of dynein/dynactin activity and actin dynamics during mitosis.
CAPZB also regulates microtubules dynamics in mitosis. Our observation that CAPZB, Arp1A, or p150 knockdowns have distinct effects on microtubule dynamics suggests that CAPZB acts through both dynactin-dependent and -independent pathways. Indeed, in vitro experiments have indicated a direct interaction between CAPZB and b-tubulin [43]. Our work adds new evidence to this novel role of CAPZB. However, the extent to which this effect on microtubule stability is involved in spindle orientation remains unclear.
In summary, our study identifies CAPZB as a potent regulator of spindle orientation. Importantly, we find that CAPZB acts independently of its canonical role in actin regulation and is required to control cortical dynein motor activity by the dynactin complex downstream of Gai-LGN. Finally, we validate our RNAi screen by showing that CAPZB also controls planar spindle orientation in vivo. Thanks to our ad hoc orientation model, we reveal that only a limited set of dynein regulators is strictly necessary for spindle orientation. This result supports the emerging notion that the puzzling diversity of cellular activities performed by the single cytoplasmic dynein motor relies on functionspecific regulators.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Xavier Morin (xavier.morin@ens.fr).
EXPERIMENTAL MODEL AND SUBJECT DETAILS Cell Lines
All cell lines obtained in this study were developed from a parental HeLa cell line (originally derived from female tissue) obtained from Matthieu Piel's lab, except for HeLa LGN-GFP/H2B-Cherry and EdCherry-Gai/H2B-Cherry/LGN-GFP (parental cell line: HeLa LGN-GFP from Iain Cheeseman's lab [6] ). HeLa Kyoto stably expressing DHC1-GFP [52] and HeLa stably expressing Arp1A-GFP [6] were directly obtained from Cheeseman lab. EB3-GFP [51] and Tub-GFP [53] were obtained from Mathieu Piel. All cell lines were cultured in DMEM Glutamax (Life technologies) 10% FBS, 1% P/S at 37 C and 5% CO2. Specific cell lines were maintained in selection antibiotics as described in Table S1 . Cells were not authenticated in this work.
Chick Embryos JA57 chicken fertilized eggs were provided by EARL Morizeau (8 rue du Moulin, 28190 Dangers, France). They were incubated at 38 C in a Sanyo MIR-253 incubator for the appropriate time. Embryos used in this study were between E2 (HH14) and E4 (HH14+48 hr). The sex of the embryos was not determined.
METHOD DETAILS
Cell Culture HeLa cells were cultured in DMEM Glutamax (Life technologies) 10% FBS, 1% P/S at 37 C and 5% CO2. Specific cell lines were maintained in selection antibiotics. FACS sorting was regularly used to enrich for cells with high expression levels of each exogenous protein. To induce Ed-Gai expression, cells were treated with 1 mg/ml Doxycycline for 24hr before FACS. For live imaging of EB3-GFP, DHC1-GFP and CAPZB-GFP, HeLa cells were cultured in Fluorobrite DMEM Medium (Life Technologies) complemented with 10% FBS, L-Glutamine and antibiotics. For small scale experiments using micropatterns, cells were seeded on coverslips with H or round-shape fibronectin coated-micropatterns acquired from Cytoo or prepared as described in [51] . Briefly, coverslips (20mmx20mm, Menzel-Glaser) were first incubated in EtOH for 5 0 , air-dried, and activated with plasma treatment for 30''. Then coverslips were incubated with 0.1 mg/ml PLL-g-PEG (Surface Solutions) for 30'. At the end of this step, excess PLL-PEG was removed. For UV illumination, a custom-designed quartz mask for micropatterning (Toppan) was first activated by placing it for 5 0 under the UV lamp. A 3 mL water drop was deposited before placing each coverslip, avoiding bubble formation. Illumination was performed for 5 0 using a 185 nm UV lamp. Water was used to detach the coverslips from the mask after illumination. Micropatterned slides were stored at RT and protected from light. On the day of the experiment, coverslips were incubated with 50 mg/ml fibronectin+5 mg/ml Alexa 647 Fibrinogen (Invitrogen) in 100mM NaHCO 3 (pH8.6) for 1hr at RT, followed by PBS washes before cell seeding. Culture chambers (Cytoo) were used for time lapse acquisitions.
For the RNAi screen, cells were transfected with siRNAs in 96 well plates. On the third day after transfection, cells were dissociated using Accutase (StemPro Accutase Thermo Fisher Scientific) and seeded on 96 well plates printed with 30mm circular micropatterns (Cytooplates) for imaging. To induce Ed-Gai expression, cells were treated with 0.5 mg/ml Doxycycline from day 2 after transfection and during all the experiment.
For experiments on non-micropatterned substrates, cells were cultured on glass slides or glass bottom plates (Matek) coated with Fibronectin (25 mg/ml). Transfection siRNA were transfected at a concentration of 25nM siRNA using HiPerFect (QIAGEN) following the manufacturer's instructions, and imaged 72 hr after transfection. For plasmid transfection, Lipofectamine 2000 (Invitrogen) or Attractene (QIAGEN) reagents were used following manufacturer's protocols.
RNAi Library
For the RNAi screen, we used an On-Target Plus siRNA Cherry-pick custom library (GE-Dharmacon) of 107 candidates (Data S4). In this library, each gene is targeted by a pool of 4 different siRNAs. Depletion efficiency of all dynein and dynactin subunits was verified by qRT-PCR, and by western blots for a subset of subunits. In addition, depletion of other dynein adaptors in HeLa cells using this library was previously shown by RT-PCR [25] . The siRNA targeting LGN in Figure 1D , Figure S1H and Figure S3A targets a single sequence in LGN, and is the same as in [6] .
In each experiment, two independent replicates for each siRNA condition were imaged. Additional confirmation experiments were performed for all dynein subunits and regulators, as well as some other proteins with subtle but significant phenotype.
Validation of RNAi Library by qRT-PCR
Cells were transfected with siRNAs in 96 well-plates. 48 hr after siRNA transfection, total RNA was extracted from cells using the Invitrap RNA Cell HTS 96 kit system (Stratec) following manufacturer's instructions. Reverse transcription was performed using a combination of random and oligodT primers (Invitrogen and Promega), the Superscript III reverse transcriptase (Invitrogen) and 250 ng total RNA. RT was followed by RNase treatment and DNA purification.
qPCR was performed using Maxima SYBR qPCR Master Mix (Thermo Scientific) and specific primers. Primers used in this study were based on previously published [25] or newly designed primers using Primer Blast. All primers span exon-exon junctions, amplify 90-120 bp products and have a melting temperature close to 60 . qPCR was performed in a LightCycler 480 machine (Roche). The levels of b-actin were used to normalize each sample. Depletion level was estimated by performing DDCt analysis.
Primer sequences for qRT-PCR are provided in Table S1 .
Validation of RNAi Library by Western Blot
For a number of genes, we validated protein depletion by WB. For this, cells were transfected with corresponding siRNAs in 6 well format, and collected 72 hr after transfection. Cell lysis was performed in RIPA buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM Na 2 EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate) in the presence of 1% protease-inhibitor mixture, 10 U RNase T1 (Fermentas) and RQ1 DNase 1:50 (Promega) for 15' at 4 C, followed by centrifugation at 13,000 rpm for 10 min to remove cellular debris. Protein concentration was measured by Bradford's method, and 50 mg (or 80 mg for p25 detection) were used for western blot. Proteins were resolved by 10 or 13,5% SDS-PAGE and electro-transferred to nitrocellulose membrane (Schleicher & Schuell). The membrane was blocked in PBS containing 5% nonfat dry milk and 0.05% Tween 20. Primary antibodies used were: mouse anti- , anti-DYNLL1 (CuSab, 1:1000), anti-GAPDH (14C10-cell signal, 1:1000) and anti-Cyclin T1(H-245, Santa Cruz Biotechnology, 1:1000). Secondary antibodies used were: goat anti-rabbit-HRP or goat anti-mouse-HRP at 1:4000 dilution (Thermo Scientific). Protein-antibody complexes were visualized by an enhanced chemiluminescence detection system (SuperSignal West Femto, Thermo Scientific).
Plasmids and Cell Lines
Stable HeLa cell lines were generated with transposon-based expression plasmids to increase the frequency of genomic integration. We used a Doxycycline inducible system for the expression of Ed-fusion proteins (see Figure S1 ), as well as for expression of CAPZ-B siR and CARMIL CBR . Ed-GFP, Ed-GFP-Gai, Ed-Cherry-Gai and Ed-GFP-LGN constructs are based on Tol2 transposable sequences. Plasmids containing the Ed-GFP and Ed-Cherry sequences were a kind gift from Chris Doe [12] . Ed-GFP and Ed-Cherry were cloned downstream of a synthetic Tetracycline Responsive Element sequence (TRE, consisting of 7 Tet operator repeats followed by a minimal CMV promoter) between Tol2 transposition sequences. The Tol2-Ed-GFP and Tol2-Ed-Cherry plasmids also contain a Neomycin resistance cassette between the Tol2 sequences. The rat Gai1 and mouse LGN coding sequences were PCR amplified from pCX-Gai1 [45] and pCX-MycLGN [44] and cloned in frame with Ed-GFP and/or Ed-Cherry.
To construct pTol2-TetON-iresH2B-Cherry, rtTA2 S -M2 was PCR amplified from pTet-ON Advanced (Clontech) and cloned under control of the CAGGS promoter and upstream of an ires-H2BCherry cassette in a Tol2 transposon vector.
siRNA resistant CAPZB (CAPZB siR ) devoid of stop codon, flanked by a 5 0 attB1 sequence upstream of the ATG and followed by a partial P2A pseudo-cleavage peptide sequence was synthesized as a gBlocks gene fragment by Integrated DNA Technologies; the CBR fragment from human CARMIL1 protein (aa964-1078, CARMIL CBR ) was PCR amplified from pBJ 1841 [54] with oligos creating a 5 0 attB1 sequence and a 3 0 partial P2A pseudo-cleavage peptide sequence. A P2A-iRFP670 fragment was PCR amplified from p-iRFP670 (Addgene #45457 [57] ;) with two overlapping 5 0 oligos creating a complete P2A pseudo-cleavage sequence upstream of iRFP670 and a 3 0 oligo creating an attB2 site downstream of the stop codon. CAPZB siR -P2A-iRFP and CARMIL CBR -P2A-iRFP were then amplified as PCR fusion fragment with attB1 and attB2 oligonucleotides, using the overlap in the P2A sequence between the 5 0 (CAPZB siR or CARMIL CBR ) and 3 0 (P2A-iRFP) fragments, and cloned into the pDONR221 entry vector (Invitrogen) using the BP clonase mix. CAPZB siR -P2A-iRFP and CARMIL CBR -P2A-iRFP were then transferred into the destination vector PB-TA-ERP2 (Addgene #80477 [58] ;), an ''all-in-one'' Piggybac transposon vector which contains the rtTA2 S -M2 and Puromycin resistance gene under control of the constitutive CAGGS promoter, and expresses the gene of interest under control of a synthetic TRE promoter. pCAGGS-T2TP [55] and pCAG-hyPBase, expressing respectively the Tol2 transposase and a hyper-active Piggybac transposase from the CAGGS promoter, were obtained from Jean Livet.
Full detail of the vector sequences and construction steps can be obtained from X. Morin. The ratio of transposon vectors: transposase vector used was 2:1 or 2:2:1 when two transposons were used. A table summarizing the cell lines generated for this study and the corresponding plasmids is supplied in Table S1 .
For transient transfection in cells and electroporation in chicken, the following plasmids were used: p-EGFP-CAPZB (0.6ng/ml in cells, Addgene #13298; [56] ) and pCX-H2B-EGFP (300ng/ml, gift from K. Hadjantonakis),
Drug Treatment
Latrunculin A (0.5 mM in Figure 1 and Figure S1 , and 0.4 mM in Figure 4 ), Nocodazole (10nM) and Jasplakinolide (25 or 35 nM) were added to cells before starting time lapse acquisition. For evaluating drug effects on actin and microtubules, cells were treated during at least 3 hr before fixation. For immunostainings performed in cell pairs on micropatterns, cells were blocked in metaphase via incubation in ProTAME (12mM, R&D systems) for 6hr before fixation.
Immunochemistry
The following primary antibodies were used in this study: anti-NuMA (Novus Biologicals, 1: 200), anti-p150 (BD Transduction laboratories, 1:100), anti-Dynein Intermediate Chain (DIC-clone 74.1, Millipore, 1:50), anti-CAPZB (Millipore, 1:100), anti-a-tubulin (clone DM1A, Sigma-1:500), anti-g-tubulin (Clone GTU88, Sigma, 1:500), anti-N-cadherin (Clone GC4, 1:100), anti-aPKC (Santa Cruz, 1:500) and anti-LGN [63] (1:100). HeLa Cells For LGN and NuMA stainings, HeLa cells were fixed for 10' in TCA 10% followed by 10' in cold MetOH, at 4 C. For p150 staining, cells were fixed at RT for 10' in Formaldehyde 4% followed by 5 0 in PBS-Triton 0.1%. For staining with DIC and CAPZB antibody, cells were fixed in PFA 2% in MetOH for 15' at À20
C. a-tubulin and Phalloidin (Alexa488 Phalloidin from Life Technologies, 1:50) stainings were performed on cells fixed as follows: 1' incubation with PFA 3% -Glutaraldehyde 0.25%-NP40 0,2%, in BRB80 buffer (80 mM PIPË S, 1mM MgCl2.6H 2 O, 1mM EGTA pH: 6.8), followed by 10' in PFA 3% -Glutaraldehyde 0.25% in BRB80 and 10' in NH 4 Cl 0.1M in BRB80 (all steps at RT), before washes with BRB80 buffer.
Cells were blocked either in 3% BSA, 0, 1% PBS Triton or in 3% BSA in 0.2% NP40 in BRB80 (for a-tubulin and Phalloidin stainings) for 1hr at RT before incubation with phalloidin and primary antibodies.
Chicken Embryos
Whole embryos were fixed during 1hr in Formadehyde 4% in PBS at 4 C. For en-face views, fixed embryos were cut along their midline. For g-tubulin staining, dissected embryos were treated in acetone for 15' at À20 C and washed 3x5min in PBS-Triton 0.3%. 1 hr incubation in blocking solution (PBS-Triton 0.3%/10%FBS) was performed before immunostaining.
For cryosections, embryos were equilibrated at 4 C in PB/15% Sucrose, embedded in PB/15% Sucrose/7,5% gelatin, and flash frozen in isopentane brought to À50 C on dry ice, before sectioning at À20 C. Before immuno-staining, cryosections were equilibrated at room temperature, degelatinized in PBS at 37 C 3 times 5 min, before a 30 min blocking step in PBS-Triton 0.1%/10% Fetal Bovine Serum.
Both cells and embryos were mounted using Vectashield (Vector labs).
In Ovo Electroporation CRISPR/Cas9 gene knock-out in chick embryos was achieved by direct electroporation of a Cas9 protein/guide RNA complex and reporter plasmid [64] . 20 nt CRISPR/Cas9 target sequences were selected using the CRISPOR website (http://crispor.tefor.net/) and used to design 36 base long single stranded crRNA sequences. crRNA oligonucleotides were purchased from Integrated DNA Technologies (IDT). crRNA (100mM) were mixed at equimolar concentration with a tracrRNA (purchased from IDT: ALT-R) to obtain a 50mM trRNA mix in 10ml aliquots, and annealed by heating 5 min to 95 C and cooling down to RT, and 1ml of 10x buffer (100mM HEPES pH7.5, 1.5M KCl) was added to obtain a 45mM trRNA duplex. Purified Cas9 protein (30mM in 10mM HEPES, 150mM KCl, a gift from A. De Cian and J.P. Concordet [65] , was mixed 1:1 (vol:vol) with the trRNA duplex and incubated for 20 min at 37 C to promote complex formation. 1ml of this mix was then complemented with Fast Green and a DNA reporter plasmid (pCAGGS-H2B-EGFP) in a total volume of 5ml. Final concentrations in the mix are Cas9 protein 3mM, trRNA duplex 4.5mM, reporter plasmid 300ng/ml (corresponding to 60nM for a 7.5kb plasmid). Electroporation in the chick neural tube was performed at embryonic day 2 (E2). The Cas9/gRNA/DNA mix was injected directly into the lumen of the neural tube using glass capillaries. Typical injection volumes are 50-100nl/embryo. A pair of 5mm Gold plated electrodes (BTX Genetrode model 512) separated by a 4mm interval was positioned on each side of the neural tube, covering the cervical, thoracic and lumbar regions, and 5 pulses of 50ms at 25V with 100ms in between were then applied, using a square wave electroporator (Nepa Gene, CUY21SC). The most efficient sequence in chick CAPZB (ATTGAAGATTGCACGAGATAAGG) targets exon 3 at base 158 of the coding sequence. A trRNA sequence (CAATTGGAT CTCCAGAACCGTGG) targeting the 3 rd intron of CAPZB 535bp downstream of the exon3/intron3 boundary was used as a negative control. Similar to the electroporation of the CAGGS-H2B-GFP reporter plasmid alone, no CAPZB reduction and spindle misorientation were observed in embryos electroporated with this negative control (not shown).
Image Acquisition
Imaging was performed with the following microscopes: a laser scanning confocal microscope (model SP5 and SP8; Leica) with a 40x (Plan Neofluar NA 1.3 oil immersion) objective and Leica LAS software; a structured illumination microscope (Zeiss Observer Z1, inverted stand, Apotome) using a 40x objective and Zeiss Axiovision software; Spinning disk confocal microscopy was performed either with an inverted microscope (Nikon Ti Eclipse) equipped with a Yokogawa CSU-X1 confocal head using a 40x water immersion objective (APO LWD, NA 1.15, Nikon) and Metamorph software (Molecular Devices) and an emCCD Camera (Evolve, Roper Scientific), or on an inverted microscope (Nikon Ti Eclipse) equipped with a Yokogawa CSU-W1 confocal head, an sCMOS Camera (Orca Flash4LT, Hamamatsu) and a 100x oil immersion objective (APO VC, NA 1.4, Nikon) using Micromanager software [60] . Wide field imaging was performed on an inverted microscope (Nikon Ti Eclipse) with an sCMOS Camera (Orca Flash4LT, Hamamatsu) and a 10x objective (CFI Plan APO LBDA, NA 0.45, Nikon) using Micromanager software.
For time lapse microscopy experiments, cells were incubated in a microscope chamber (LIS or DigitalPixel) at 37 C, under 5% CO2 in a humidified atmosphere.
Image Analysis
Spindle orientation measurements in Echinoid-micropattern experiments were performed in MATLAB, and microtubules dynamics were analyzed with U-track [61, 62] . Fiji software [66] was used for all other image processing and data analyses. When necessary, images were subjected to brightness and contrast adjustment to equilibrate channel intensities and background using Fiji software.
Angle Measurement in Ed-Gai Spindle Orientation Experiments
Movie extraction from raw data: Raw movies were screened manually and the time and x-y position of all events of interest (that is, an anaphase within a pair of isolated cells) were recorded in a Fiji Results Table. A custom macro (Data S1) was then used for the batch extraction of all selected division events as individual movies of 15 frames (10 before anaphase and 4 after anaphase).
Anaphase detection and angle measurement: Manually extracted movies were run into a custom MATLAB code (Data S2) to determine the angle of division in anaphase. Our orientation assay uses the Ed enrichment at cell-cell contacts to position force generators. Ideally, the orientation of division in anaphase (visualized by the H2B-Cherry labeled chromosomes) should be measured relative to the Ed-GFP enrichment, requiring the use of two color channels in the analysis. To simplify the analysis, we reasoned that the point at mid distance between the two nuclei immediately before division could be used as a proxy for the localization of the Ed enrichment, allowing the use of only one color channel (H2B-Cherry) for the analysis. This approach was validated in a representative set of division events: we compared the angle distribution obtained by automatic measurement of anaphase angle with respect to the neighboring nucleus, with manual measurements of angles with respect to the Echinoid enrichment, and observed that both types of measurements result in similar angle distributions.
Doxycycline-induced expression results in variable expression of the Ed-GFP transgenes; besides, we observed a progressive decay in transgene expression levels over time, possibly due to transgene silencing, so that we regularly FACS-sorted cells to enrich for high GFP expression upon Dox induction. We also found that the ability of the Ed-Gai transgene to drive orientation perpendicular to the cell contact was strongly correlated to Ed-Gai expression levels. We therefore introduced a ''GFP-level filter'' as a second module in the MATLAB code (Data S3) to exclude cells with weak GFP enrichment. For each set of experiments in the screen, the GFP filter value was determined using the control siRNA experiments and the same filter value was applied to all tested conditions. The successive stages of image processing are illustrated in Figure S2 . The MATLAB code, the Fiji macro and guidelines to use them are provided as separate files (Data S1, S2, and S3 and Methods S1). Analysis of MT Dynamics using U-Track Live metaphase EB3-GFP cells were imaged during 2 min at a 500 ms interval using a 100x objective (APO VC, NA 1.4, Nikon) and 100ms exposure. Imaging was performed at a single plane containing both spindle poles. Cells with rotated spindles with respect to the growth surface such that both poles were not visible in a single plane were not considered for analysis.
Movies were subjected to analysis by the microtubule plus end tracking function contained in the U-track package [61, 62] . This microtubule tracking system allows automated calculation of multiple parameters describing MT dynamics. While EB proteins only bind to growing MT and not to shrinking or pausing MT, the algorithm deduces shrinkage and pausing dynamics based on the following principles: 1) Microtubules are stiff, and over short times they translocate little. 2) Microtubule shrinking, rescues and pauses predominantly occur along the path defined earlier by the growing microtubule end. 3) Time-shifted, nearly parallel EB3-GFP tracks with considerable spatial overlap have a high probability of belonging to the same MT.
Thus, by clustering tracks that fulfill defined geometrical and temporal constraints, the dynamics of shrinking and pausing events can be inferred [61, 62] .
Microtubule tracking was performed on the whole cell as the spindle density phenotype was observed both in the spindle and astral MT area. Our imaging conditions allowed visualizing astral MTs without saturating the EB3-GFP signal in the spindle area. Visual inspection of the tracking movies showed correct tracking both in spindle and astral MTs. The parameters used for detection (by the watershed method), tracking and classification were the default parameters of the U-track package. The analysis output for each cell consists in average or median values of several parameters calculated from thousands of tracks. Four independent experiments confirmed the same tendency for growth speed, shrinkage speed and growth lifetime upon CAPZB depletion. P150 siRNA and Arp siRNA were evaluated in parallel to CAPZB siRNA in two independent experiments.
Quantification of Cortical Signals in Mitotic Cells
The profiles of CAPZB GFP, Arp1A-GFP, p150 and Dynein Intermediate Chain signal at the cell cortex of metaphase HeLa cells (shown in Figure 3 , Figure 5 , Figure S6 , and Figure S7 ) were measured in Fiji software using a custom macro. Briefly, a circular line mapping the cell contour is drawn using the Oval tool. Using this circle's radius and center as references, intensity values are calculated along a 5 pixel long radial line overlapping the cortex, and the maximal intensity is retained. This is repeated at 360 successive positions scanning the whole cell contour. The start (and finish) point of this circular scan is chosen facing the chromosome plate on one side of the cell. Measurements are used to generate a set of 360 values corresponding to the cortical intensity profile, where positions 0 and 180 face the equatorial plate and positions 90 and 270 face the spindle poles, as illustrated in Figure 3 . When comparing signals between control and CAPZB siRNA-treated cells, these values were corrected by background measurements. Finally, average profiles were then calculated from n individual profiles.
To measure actin levels from phalloidin stainings, a line was manually drawn with the free line tool all around the cell (for total actin) and all around the cytoplasm (for cytoplasmic actin). Cortical actin levels were deduced by subtracting the cytoplasmic fluorescence from the total fluorescence. All values are corrected for background measurements. 3D Measurement of Spindle Orientation in Fixed Samples in the Chick Neuroepithelium Spindle orientation was measured on en-face mounted neural tubes from E4 embryos labeled with an anti-g-tubulin antibody to reveal spindle poles and with DAPI dye to label chromosomes. Electroporated cells were identified by their expression of a Histone2B-GFP reporter protein, also revealing the chromosomal plate of dividing cells. En-face image stacks (0.5mm z interval) were acquired at 100x magnification. z-views and spindle orientation quantification were done in Fiji software [66] . Scrolling through the z levels, the x and y position of both centrosomes of all metaphase cells in a field were recorded using the Point tool in ImageJ/Fiji, with ''Add to ROI Manager'' selected. A custom written ImageJ/Fiji macro [5] was used to treat all cells as a batch as follows: for each cell, x-y coordinates were used to define a 100 pixel long line joining both centrosomes and centered on the mid-point between them. A resliced stack of 5 parallel images centered on this line (0.25mm interval) was generated and projected (zProjection tool, ''Max Intensity'' setting) to generate a single image of 1mm thick volume along the spindle axis. Images of all these cells were then assembled in a montage. In each cell, the apical surface is delineated by the position of sub-apical centrosomes located at the basis of the cilium of neighboring interphase cells, and four points were then defined and recorded as follows: first, two points defining the apical surface (typically corresponding to two apical centrosomes in interphase cells), and two points defining the spindle axis (one point for each centrosome of the dividing cell). Using a custom written macro [5] , all cells in the montage were treated as a batch and their spindle orientation was calculated as the angle between the line that joins the two first and the line that joins the two last points (in the 0-90 range).
QUANTIFICATION AND STATISTICAL ANALYSIS
Selection of Cells for Analysis
For analyses of spindle orientation in Ed/EdGai cell lines, all events of division within a pair of isolated cells were selected for angle/gfp analysis using the routine described above in the Method Details section. In experiments shown in Figure 3A and Figure S6H , only cells expressing CAPZB siR or CARMIL CBR (identified by the presence of iRFP signal expressed from the same construct) were considered for analysis. For analyses of phalloidin and antibody stainings, metaphase cells were identified using the DAPI channel to avoid any bias in cell selection.
For analyses of chromosome misalignment defects, mitotic cells were selected using phalloidin staining to avoid any bias in selection.
For analysis of spindle orientation with respect to the substrate in live EB3-GFP cells, mitotic cells were selected based on their rounded shape using the phase contrast channel.
For analysis of microtubule dynamics in live EB3-GFP cells, metaphase cells were initially selected based on their rounded shape using the phase contrast channel, but only cells with both spindle poles in a single focal plane were considered for analysis.
For analysis of spindle orientation in the chick neuroepithelium, all electroporated cells displaying a well-formed metaphase plate were considered for angle measurement.
Information about n
In dot plots, each point represents the measurement for one cell, thus the n can be deduced from the number of points (n for one representative experiment is shown).
In Figures 3E and 3G information about the number of cells analyzed is shown in the corresponding figure legend.
In Figures 5A-5C , n refers to the number of cells analyzed in the representative experience shown in each graph. In Figure 7 , information about the number of embryos used for analysis is found in the corresponding figure legend. In all figures, error bars correspond to SEM as indicated in figure legends.
Statistical Analysis
Statistical analyses were done using a Mann Whitney test performed with GraphPad Prism (GraphPad software). The Mann-Whitney test was developed to analyze data from continuous measurements. The test compares two groups of values without making any assumption about the distribution the values were sampled from. It does this by ranking all the values from low to high and then comparing the average rank of the two groups. It reports a P value testing the null hypothesis that the two populations have identical distributions, so any discrepancy in mean rank is just a matter of random sampling. In all figures, P value significance is indicated as follows: ****, p < 0.0001; ***, 0.0001 < p < 0.001; **, 0.001 < p < 0.01; *, 0.01 < p < 0.05; ns (not significant), p > 0.05.
DATA AND SOFTWARE AVAILABILITY
Software for movie extraction (Data S1), angle measurement (Data S2), and GFP detection (Data S3) in the cell pair assay (routine described in Method Details section) are available as supplemental files.
